Abstract: This study aimed to investigate geosmin and 2-methylisoborneol (MIB)-producing cyanobacteria and actinomycetes as sources of earthy-musty odours in Phayao Lake, northern Thailand. Known earthy-musty odour producers, Lyngbya sp., Phormidium sp., Anabaena sp. and Oscillatoria sp., were found as the dominant genera of cyanobacteria in the lake water.  Odour-producing Streptomyces spp. were also found to be significantly present in the lake sediment where majority of Streptomyces spp. (63%) isolated were geosmin-producers. The significant density of actinomycetes, particularly Streptomyces, suggests that they played as important contributor to the production of geosmin and MIB in the lake.
Introduction
Currently, many areas of Thailand are facing water shortages, especially during the dry season. Moreover, water quality of lakes and surface waters in the country is deteriorating due to anthropogenic activities such as farming and urbanization, causing widespread eutrophication. One of these lakes is Phayao Lake (Kwan Phayao, in Thai), a semi-freshwater lake which plays an important role in the socio-economic development of Phayao province. Considered as one of the largest artificial lakes in northern Thailand [1] , Phayao Lake is a popular tourist destination, a raw water source for water supply and a fishing ground for the local fishery. Livestock effluent from the basin and sewage discharges from the city is likely the major pollution sources. These significant sources of nutrients, especially nitrogen and phosphorus, contribute to the eutrophication of the lake [2] . Eutrophication leads to algal blooms and subsequently to taste and odor compounds, geosmin and 2-methylisoborneol (MIB) production, reducing the application of the lake water for drinking and contaminating aquatic animals. Moreover, hepatotoxin microcystin formation in Phayao Lake was also implicated with algal blooms [2] .
Common taste and odor compounds, geosmin and MIB, are secondary terpenoid metabolites produced by certain species of cyanobacteria and actinomycetes (filamentous actinobacteria) [3] that imparts earthy and musty odor to water at extremely low concentrations (< 5 ng/L). Since cyanobacteria are considered to be the chief source of these compounds in aquatic systems, common microorganisms in most aquatic environments such as actinomycetes, became an important biological source of taste and odor compounds. In Japan, Sugiura and Nakano [4] isolated 40 strains of actinomycetes from the sediments of Lake Kasumigaura. All these species were found to produce both geosmin and MIB. It is highly likely that due to the increased annual nutrient loadings to the lake, the result will be an environment more suitable for actinomycete growth since algal cells are a carbon source for actinomycetes and do enhance growth. The significance of earthy-musty odour production by actinomycetes in Phayao Lake has not been studied, as well as the occurrence of these bacteria. The purpose of this research was to investigate the abundance of actinomycetes, other than cyanobacteria, in water and sediment of Phayao Lake.
Materials and Methods

Water and Sediment Sampling
Water and sediment samples were collected from 6 stations (S1-S6) in Phayao Lake for a period of 8 months, from June 2012-February 2013 (Fig. 1) .
Samples for physico-chemical (1.5L) and earthy-musty odour analyses (120 mL) were collected directly from the water surface at 20-40 cm depth. Lake water (5 L) for phytoplankton evaluation was filtered with a plankton net of 25 μm mesh, concentrated in 30-mL bottles and added with 3 drops of Lugol's solution as preservative. Identification and counts of phytoplankton genera/species were determined using a light microscope (Olympus BH2, Japan), and picture database and related texts such as Peerapornpisal [5] . Sediment material (about 500 g from the upper 0.5 cm sediment) was collected using a plastic dipper attached to a PVC pole and placed in wide-mouthed 200-mL plastic bottles. All water and sediment samples were kept on ice until transported to the laboratory.
Geosmin and MIB Analysis
Geosmin and MIB (dissolved and particulate fractions) were extracted from water and sediment samples using solid phase microextraction (SPME). Gas chromatography-mass spectrometry (GC/MS) was used for quantification at a limit of detection of 0.01 μgL -1 for both geosmin and MIB according to Gutierrez et al. [6] .
Isolation and Screening of Streptomycetes in Sediments
Sediment samples (10g) were mixed with 90 mL of 0.85 % NaCl solution, shaken at 150 rpm for 30 minutes at room temperature and serially diluted ten folds to 10 -5 . Soil suspensions (100 µL) from 10 -3 , 10 -4 and 10 -5 dilution were spread onto the surface of starch casein agar (SCA) plates, and incubated at 30 o C for 7-14 days. Actinomycetes were assigned into streptomycetes (filamentous and fungus-like sporulation structures) and non-streptomycetes groups. Colonies from both groups were counted and recorded as CFU g -1. Earthy-musty odour-producing streptomycetes were purified by re-streaking on SCA, sealed with paraffin film and incubated at 30 o C for 7-14 days or until complete sporulation was observed. The isolates were screened whether they are geosmin or MIB producer by GC/MS [7] .
Data Analysis
Analysis of variance (ANOVA) was used to test for difference between means of observed parameters and each treatment. Duncan Multiple Range Test (DMRT) at 95% confidence level was used for treatment comparison. Relationships between water quality variables and earthy-musty odour compounds were analysed using Pearson correlation analysis. Significant correlation was assumed when p<0.05 in either positive or negative correlations. Fig. 1 . Collection points at Phayao Lake: S1-3 city areas, S-6 agricultural areas [7] . The water quality parameters monitored (such as pH, temperature, DO, conductivity, turbidity, total ammonia-nitrogen, nitrite-nitrogen, nitrate-nitrogen, orthophosphate-phosphorus and TSS) were not significantly different among the 6 stations (Table 1) . Mean chlorophyll-a concentration in the 3 stations (S1-3) adjacent to the city were significantly (p<0.05) higher compared to those in other collection points (S4-6).
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Results and Discussion
Water Quality and Chlorophyll a Levels
A total of 40 different genera from 6 divisions of phytoplankton were identified in Phayao Lake namely, Cyanophyta, Chlorophyta, Chromophyta, Bacillariophyta, Euglenophyta and Cryptophyta. Composition-wise, Chlorophyta was the most abundant but Cyanophyta (cyanobacteria) dominated the lake water (Table 2) . Oscillatoria, followed by Microcystis and Anabaena comprised the dominant cyanobacteria which are known International Journal of Bioscience, Biochemistry and Bioinformatics producers of earthy-musty odour including Phormidium and Lyngbya (Fig. 2) . Microcystis was included in the odour-producing list because there were claims that some species have the potential to produce geosmin apart from hepatotoxins (microcystins) [8] - [10] . These cyanobacteria except Phormidium were also found in a previous study [11] conducted in Phayao Lake. However, there was no record of which cyanobacterial species or genus dominated the lake during the time of their study. Prommana [12] on the other hand reported that Microcystis aeruginosa Kutz and Microcystis wesenbergii Kom. dominated Phayao Lake during a survey conducted from 1999 to 2000. However, the study mainly focused on the survey of microcystin-producing species present in the lake rather than cyanobacterial diversity in general. 
Phytoplankton Composition and Diversity
Cyanobacteria in Phayao Lake
Cynobacteria were found to be abundant at the sites adjacent to the city (S1-3) especially in S3. This part of the lake (southeast to eastern portion) is polluted with large cyanobacterial blooms possibly due to nutrient enrichment brought about by the wastewater released from the city and from the livestock effluents. The addition of inorganic nutrients such as phosphorus and nitrogen, to nutrient limited lakes will usually result in increased algal standing crops [13] , with cyanobacteria usually dominating. This finding is consistent with the levels of geosmin in water. Species and biomass of cyanobacteria are the factors that affect the MIB and geosmin concentrations in water [14] . It is possible that geosmin-producing Oscillatoria along with Anabaena, [15] contributed significantly to geosmin's prevalence over MIB in the lake.
Occurrence of Actinomycetes in Lake Sediments
The numbers of actinomycetes in the sediment of Phayao Lake varied from 0.80 and 15.47 x 10 4 CFU g -1 .
Most of these belong to the genus Streptomyces with counts ranging from 0.30 to 15.43 x 10 4 CFU g -1 .
Inorganic nutrient enrichment will also stimulate actinomycete growth, but in indirect manner. Actinomycetes are decomposers, and as such, are limited by substrate and nutrient availability. Actinomycetes can decompose resistant organic compounds in the lake, such as cellulose, lignin and chitin from dead lotus plants, which most bacteria cannot. This would seem to further favour increases in actinomycetes populations, since they lack competitors for these energy sources [13] . The abundance of odour-producing actinomycetes in the sediments further indicates that cyanobacteria may not be the only producers of odour in the lake. Inorganic and organic nutrient enrichment of the lake could also directly and indirectly support larger actinomycete populations. This in turn contributed to the associated International Journal of Bioscience, Biochemistry and Bioinformatics earthy-musty odour detected in the lake. Zaitlin and Watson [16] reported that Streptomyces are the major producers of the geosmin and MIB in terrestrial soil environments. High concentrations of geosmin in lake water were recorded in certain sampling points from several collection periods (S4 in June 2012; S1-6 in September 2012 and; S4-6 in November 2012) particularly at S1-6 (up to 3.74 µgL -1 ) and MIB at S4 (0.086 µgL -1 ) in September 2012 in the lake despite low abundance of potential odour-producing cyanobacteria during these periods. During periods with a low cyanobacterial biomass, the source of geosmin and MIB has been suggested to be actinomycetes rather than cyanobacteria [17] .
Odour-Producing Streptomycetes in Sediments
Thirty-five isolates of Streptomyces spp. were screened (using SPME-GC/MS) for earthy-musty odour production and the morphology of the positive isolates was analysed using scanning electron microscopy (SEM) (Fig. 3) . It was found that 30 isolates were odour-producers. Out of the 30 isolates, 22 were exclusive geosmin-producers, 2 produced MIB only and 6 produced both geosmin and MIB ( Table 3 ). The above result was consistent with the results obtained for water and sediment where geosmin was the more prevalent odorous compound than MIB during the period of study. Geosmin was detected in 75.0% and 54.17% of the water and sediment samples collected respectively whilst MIB was only detected in 12.5% of both samples. This finding suggests that the presence of a large number of geosmin-producing Streptomyces spp. could have significantly contributed to the prevalence of geosmin over MIB in both water and sediments of Phayao Lake. Zuo et al. [18] observed Streptomyces was the main species responsible for the earthy-musty odour and produce geosmin more than MIB in Lake Lotus, China. Non-odor producer 5
Conclusion
This study concluded that both filamentous cyanobacteria (Lyngbya sp., Phormidium sp., Anabaena sp. and Oscillatoria sp.) and possibly actinomycetes (Streptomyces spp.) were identified as the earthy-musty odour producers in Phayao Lake. The abundance of Streptomyces emphasizes that cyanobacteria may not be the only producers of odours in the lake. The significant concentrations of geosmin and MIB detected in the lake, despite a low abundance of potential odour-producing cyanobacteria in several periods, support the fact that actinomycetes played a role as potential source of these odourous metabolites other than cyanobacteria in Phayao Lake. However, further studies are needed as present data are inadequate to draw conclusions on actinomycetes as a major source of earthy-musty odours in the lake.
